Adoptive T-cell therapies have shown significant promise in the treatment of cancer and viral diseases. One approach, which introduces antigen-specific T-cell receptors (TCRs) into ex vivo activated T cells, is designed to overcome central tolerance mechanisms that prevent responses by endogenous T-cell repertoires. Studies have suggested that use of higher-affinity TCRs against class I major histocompatibility complex antigens could drive the activity of both CD4 þ and CD8 þ T cells, but the rules that govern the TCR binding optimal for in vivo activity are unknown. Here, we describe a high-throughput platform of 'reverse biochemistry' whereby a library of TCRs with a wide range of binding properties to the same antigen is introduced into T cells and adoptively transferred into mice with antigen-positive tumors. Extraction of RNA from tumor-infiltrating lymphocytes (TILs) or lymphoid organs allowed high-throughput sequencing to determine which TCRs were selected in vivo. The results showed that CD8 þ T cells expressing the highest-affinity TCR variants were deleted in both the TIL population and in peripheral lymphoid tissues. In contrast, these same high-affinity TCR variants were preferentially expressed within CD4 þ T cells in the tumor, suggesting they had a role in antigen-specific tumor control. The findings thus revealed that the affinity of the transduced TCRs controlled the survival and tumor infiltration of the transferred T cells. Accordingly, the TCR library strategy enables rapid assessment of TCR-binding properties that promote peripheral T-cell survival and tumor elimination.
INTRODUCTION
The interaction between T-cell receptor (TCR) and peptide/major histocompatibility complex (MHC) is the key recognition event initiating functional T-cell responses. While much has been learned about the structure and function of this interaction, [1] [2] [3] [4] many aspects of the processes that operate in vivo remain unknown. This is particularly relevant in T-cell-based cancer therapies, where the questions include what TCR-binding affinities will achieve optimal destruction of tumors, drive differentiation into distinct effector types and promote persistence of peripheral T cells.
While there are many examples of tumor-infiltrating lymphocytes (TILs) that have been isolated from human cancers, 5 these T cells have rarely been cloned or their TCRs examined biochemically in binding or structural studies. The major obstacles to studying the role of binding affinity in clinically relevant TCR:pepMHC interactions involves the difficulties in the expression of soluble TCRs and the low affinities of wild-type TCRs. 1 Thus, binding properties of most TCRs used in clinical trials have not been measured, nor has there been a broader study of the TCR properties that promote TIL activity, migration or differentiation into memory T cells. Among the questions are whether there is a certain TCR-affinity threshold that is absolutely required for antigen-specific T-cell tumor infiltration. In the context of adoptive T-cell therapies with TCR gene transfer, the questions extend to whether this affinity threshold may vary owing to lower surface expression levels of the exogenous TCR, and whether different affinities drive the activities and differentiation of the plethora of T-cell subsets. [6] [7] [8] [9] Recently, strategies have been developed to delineate the fate of T cells not only on a population-wide scale but also on a singlecell basis. These systems range from intravital imaging to retroviral introduction of unique DNA sequences (termed 'cellular barcodes'), allowing the fate of single naïve T cells to be tracked under different conditions. 10, 11 While progress has been made in elucidating the mechanisms involved in T-cell lineage decisions using these techniques, there remains a need to more rapidly assess the relationships between TCR-binding properties and T-cell function, persistence and lineage commitment in vivo. This information would be of significant value in the choice of TCRs for adoptive T-cell therapies. [12] [13] [14] Prompted by this lack of a high-throughput strategy to explore optimal tumor-targeting properties of T cells with exogenous TCRs, here we describe a system based on the rational design of TCR libraries with a wide range of affinities for a model cancer antigen. To develop the system, we took advantage of the wellstudied binding properties and structures of the 2C TCR, 15 specific for class I MHC K b bound to a foreign peptide SIY, 16 and its highaffinity TCR variant called m33. 17, 18 The generation of single amino-acid substitution libraries in 2C and m33 provided a 10 000-fold range in binding affinities among the TCR variants. The approach can be applied to virtually any TCR, given that mouse and human TCRs have several CDR1 or CDR2 residues that are energetically important in MHC binding.
Here we defined, in one sorting step, TCR variants that bound with the highest affinities (the 'binding signature') to the antigen in vitro and compared them with what was selected when libraries containing these variants were introduced into CD4 þ and CD8 þ T cells and transferred into tumor-bearing mice. CD8 þ T cells expressing the highest-affinity TCRs were deleted in vivo (in the tumor and lymphoid tissues), whereas the CD4 þ T cells expressing these TCRs remained in the periphery, and were present at higher levels in the tumor. However, even CD4 þ T cells with the lowest-affinity TCRs were capable of infiltration into the tumor. The TCR library approach provides a platform for understanding the many aspects of how TCR binding operates to control T-cell function in vivo.
RESULTS

Design principles for TCR libraries with diverse binding affinities
To overcome limitations with characterizing TCR-binding properties of TILs, we adopted an approach in which a library of related TCRs was engineered. The strategy took advantage of findings that a single residue in CDR2 of TCR variable regions contributes significant binding energy. 2, 3, 19, 20 We used the 2C TCR and its high-affinity variant m33 (with affinity-increasing mutations in CDR3a). These TCRs bind with known affinity to the foreign peptide SIYRYYGL (SIY) and the structurally similar self-peptide EQYKFYSV (dEV8), both restricted by K b (Figure 1a ). Figure 1b) . As the m33 alanine mutant of Y46b exhibited a 100-fold reduction in affinity, 18 we reasoned that a library of all possible 20 amino-acid substitutions in a single residue such as Y46b introduced into 2C and m33 would provide a wide range of affinities, over 10 000-fold (Figure 1c) . It is possible to generate TCR libraries in retroviral vectors for transducing T cells. 27, 28 Thus, we applied this strategy to an in vivo system, with the potential to extract information directly from TILs and lymphoid tissue, by generating position 46b libraries (NNS) in the pMP71 vector 29, 30 that contained 2C and m33 TCRs with disulfide-stabilized constant regions. [31] [32] [33] While the libraries used here were relatively small (two libraries of 21 TCR variants each, including the stop codon), this strategy represents a valid way to evaluate the method, as it covers a wide range of affinities for our target and includes many variants that have not been characterized and several variants for which we have significant knowledge of the boundaries and properties of pepMHC binding. In the future, the technique need not be restricted to a single-codon degeneracy: each mouse received B7 Â 10 6 transduced T cells, and transduction efficiencies ranged from 50 to 80%; a library of about 10 6 T cells could cover the diversity of four degenerate codons (32 4 ). In order to examine codon frequencies present in the libraries, DNA from pMP71/TCR-transformed Escherichia coli was subjected to PCR and 454 sequencing. The observed frequencies were consistent with expected (NNS) frequencies (Figure 1d ), although several slightly over-or under-represented codons were present within each library. Nevertheless, all amino acids were represented in the libraries, and the E. coli frequencies could be used for comparison with various frequencies 'selected' in vitro and in vivo.
Strong amino-acid bias in the CDR2b libraries selected in vitro for binding by SIY-K b To examine the importance of Tyr 46b in pepMHC binding, selections in vitro were performed. First, 2C and the 2C library were transduced separately into a T-cell hybridoma that expresses CD8ab (cell surface binding of SIY/K b multimers by 2C requires CD8). 34, 35 Based on staining of the 2C/CD8 þ T cells (Figure 2a ), 10 nM SIY/K b -Ig dimers were used to sort the 2C library without interference by TCR-independent CD8 binding. After one round of sorting, RNA was isolated from the selected cells, and reverse transcriptase PCR/454 sequencing was performed (Figure 2b) . While Tyr was a predominant residue, Phe and His also were highly selected. Comparison of the ratio of frequencies in the Representative data are shown from four experiments. For the signature residues (Met, Phe, Trp, Tyr and His) selected from the 2C library, the Tyr, Phe and His residues were significantly enhanced (Po0.001). For the signature residues selected from the m33 library, the Tyr, Phe, His and Trp residues were significantly enhanced, and the Met was significantly reduced (Po0.001).
selected population vs the E. coli library revealed that five residues were selected for SIY/K b binding (called the 'binding signature' here): Phe ¼ Tyr ¼ His4Met ¼ Trp (Figure 2c ). Thus, although Tyr is a preferred residue at position 46 of the CDR2b, other side chains allow significant MHC binding as well.
A similar experiment was performed with m33 and the m33 library, both transduced into the T-cell hybridoma without CD8 (m33 TCR does not require CD8 for staining with SIY/K b -Ig dimers; Figure 2a ). A concentration of 2 nM SIY/K b -Ig dimers was used for sorting, and for m33, Phe was again a predominant selected residue ( Figure 2b) ; relative to E. coli frequencies, a 'binding signature' similar to 2C was observed (the only differences for m33 were that Trp appeared to be more prevalent, and Met less prevalent, than seen for 2C) (Figure 2c ).
Antigen-bearing tumors are infiltrated by T cells transduced with libraries of high-and low-affinity TCRs To apply the selection of TCR from libraries in vivo, we used SIY as a model tumor antigen. 36, 37 The parental melanoma line B16-F10 and the SIY-transfected line B16-SIY were used as transplantable, subcutaneous tumors for these studies. 38 B16-F10 and B16-SIY tumor cells were transplanted bilaterally and 5 days later, when tumors were readily palpable, B7 Â 10 6 T cells of various transduced preparations were introduced ( Supplementary  Figures 1 and 2) . As a source of T cells, we used purified CD4 þ or CD8 þ T-cell populations from C57BL/6 mice, activated in vitro with anti-CD3/anti-CD28-coated beads and interleukin-2 (IL-2). Based on previous kinetic analyses of T-cell infiltration into tumors, 39, 40 mice were killed 5 days after adoptive transfer for immunohistology and TCR sequence analyses.
Immunohistology of tumors showed that 2C-transduced CD8 þ T cells (Figure 3a ) and 2C-transduced CD4 þ T cells, but not the mock-transduced T cells, infiltrated the antigen-bearing tumors (Figure 3b ). No significant infiltration was seen by any of the T-cell populations in the B16 parental tumors (data not shown). Notably, the m33-transduced CD8 þ T cells were not present in B16-SIY tumors, whereas m33-transduced CD4 þ T cells were present. The absence of m33-transduced CD8 þ T cells is consistent with our recent observation that these cells are deleted within hours of transfer into an H-2 b mouse. 33 In general, 2C-or m33-transduced CD4 þ cells tended to be present at lower levels than the 2C-transduced CD8 þ T cells. Both CD4 þ and CD8 þ T cells transduced with the 2C and m33 libraries exhibited extensive infiltration into the B16-SIY tumors. Accordingly, the m33 library of TCRs in CD8 þ T cells presumably had a substantial number of variants that did not result in deletion as observed for the Tyr46b m33, enabling these to migrate to the tumor. This is consistent with the finding that most of the m33 variants were not as high affinity as the Tyr46b-containing m33 (Figures 2b and c) .
In order to assess whether some of the infiltrating T cells in the B16-SIY tumors might have been non-specific, and possibly present owing to antigen-specific (SIY) T-cell-mediated inflammation, we stained tumor sections from 2C-transduced T cells with the clonotypic antibody 1B2 and with anti-CD3 ( Figure 3c ). This staining revealed that of the CD3 þ cells, B60% were 1B2-positive and 40% were 1B2-negative. Thus, although antigen-specific T cells were necessary to observe significant T-cell infiltration, many of the T cells present appeared to express only their endogenous TCRs and were presumably not antigen specific.
Over the 5-day period before analysis by histology and sequencing (below), we measured tumor sizes to assess immediate functional responses. In order to easily compare 17 different 
Tumor-infiltrating CD8
þ T cells express diverse TCR affinities but the highest-affinity TCRs are absent As the CD8 þ T cells transduced with the 2C and m33 libraries were found at the site of B16/SIY tumors on day 5 (Figure 3a) , and these cells were capable of controlling tumor growth (Figure 4b ), we were interested in determining if there would be tumor-driven selection for TCR variants within a defined affinity range. Tumors were excised and RNA was used for reverse transcriptase PCR followed by 454 sequencing of transcripts, and the amino-acid frequencies at position 46b were determined (Figure 5a ). TILs derived from the 2C library showed a significant bias toward the 'binding signature' residues, but not to the extent of selection observed with a single sort in vitro (see Supplementary Figures 3a  and 4 for detailed statistical analyses of residue frequencies). This result is not surprising given the apparent extent of non-antigenspecific infiltration that occurred in the B16/SIY tumors (Figure 3c) . Thus, the 'binding signature' of the 2C TILs was actually superimposed on the background of the non-antigen-specific process, perhaps associated with inflammation initiated by the highestaffinity SIY-specific T cells.
The results of the sequencing analysis of TILs from the m33 library in CD8 þ T cells was quite striking, as the SIY/K b 'binding signature' residues were strongly selected against in the B16-SIY tumors (Figure 5a, Supplementary Figures 3b and 5 ). This result is undoubtedly owing to the deletion of CD8 þ T cells that express the highest binding affinity, as with the Tyr46b-containing m33 (ref. 33 and see below). In contrast to the loss of 'binding signature' TCRs, m33 TCRs with other residues, including alanine, were now preferentially selected in the tumors. These TCRs would be expected to have affinities in the low micromolar range (for 
02 and m33-library CD8 þ P ¼ 0.02) or m33 T cells, which had very little effect. In CD4 þ T cells, m33 and m33 library significantly reduced tumor growth compared with mock-transduced CD4 þ T cells (m33 CD4 þ P ¼ 0.01 and m33-library CD4 þ P ¼ 0.02), whereas wt 2C CD4 þ and 2C library CD4 þ did not differ from mock. example, K D value of about 3 mM for the m33 Y46bA mutant). 18 These affinities are still considerably higher than the wild-type 2C, and it is these TCRs that account for the control of B16-SIY tumor growth with the m33 library in CD8 þ T cells (Figure 4b ).
Tumor-infiltrating CD4
þ T-cell libraries express residues with diverse TCR affinities including highest-affinity TCRs CD4 þ T cells with both the 2C and m33 libraries also infiltrated the B16-SIY tumor. Thus, to examine the impact of TCR affinity on redirecting CD4
þ T cells to a class I tumor antigen, transcripts
Selection
þ T cells with the 2C library showed no obvious skewing (Figure 5a, Supplementary Figure 3a) , consistent with a weak response by this diverse collection of low-affinity TCRs (Figure 4b) . Nevertheless, the selective infiltration of these cells compared with the mock-transduced CD4 þ T cells suggest that some of the cells migrate and are retained in the tumor owing to antigen specificity. CD4
þ T cells transduced with the m33 library showed a distinct emergence of TCRs with the SIY/K b 'binding signature' (Figure 5a, Supplementary Figures 3b and 5) , similar to that observed with CD8 þ T cells expressing the 2C library. Thus, control of tumor growth by the m33 CD4 þ T cells (Figure 4b ) was associated with skewing of TCR residues at position 46b toward higher-affinity SIY/K b binding, whereas CD8 þ T cells expressing these same TCRs were absent in the tumors.
Peripheral T cells with transduced TCRs have affinity distributions similar to TILs
The TCR library approach provides the opportunity to examine the influence of exogenous TCRs on peripheral T-cell distribution and survival (for example, the impact of 2C or m33 binding to selfpeptide dEV8/K b ). 41, 42 To examine these issues, various lymphoid tissues from mice with adoptively transferred T cells were examined 5 days after transfer by 454 sequencing analysis: these included the draining lymph nodes (LNs), non-draining LNs and spleens from tumor-bearing mice (Figure 5b) . For the 2C library, CD8
þ T cells showed modest skewing toward 'signature binding' residues in draining LNs and spleen ( Supplementary  Figures 3c and 4) . This suggests that the 2C TCRs, probably in synergy with CD8, influenced the distribution to these tissues or the overall survival of transferred T cells, perhaps through binding to self dEV8/K b or SIY/K b . However, CD4 þ T cells showed a more random distribution of residues in the libraries with perhaps some skewing toward 'signature binding' residues in the draining LN (Figure 5b) .
Results of m33 library sequencing showed clearly that exogenous TCRs could determine the fate of peripheral T cells. In CD8
þ T cells, m33 TCRs with the SIY/K b 'binding signature' residues had disappeared from LNs and spleen, consistent with our recent finding that m33 transduced into CD8 þ T cells also disappeared rapidly from the periphery (Figure 5b , Supplementary  Figures 3d and 5) . 33 The magnitude of the disappearance ( À 1 on a log scale) was equivalent to a 10-fold reduction in the m33 CD8 þ T cells for each of the 46b variants, Met, Phe, Trp, Tyr and His. Interestingly, m33 TCRs with the Met at 46b were among those that disappeared, yet this m33 variant was not identified in the in vitro affinity selection (Figure 5a ). This result suggests that the in vitro selection condition (2 nM SIY/K b -Ig) differs from the threshold for TCR-mediated deletion in vivo. Presumably, the binding interactions that are associated with in vivo deletion involve self-peptide/K b complexes such as dEV8/K b , which for m33 have an affinity several orders of magnitude below the interactions with SIY/K b . 17 As the binding difference between 2C and m33 for dEV8 is only about twofold, it is clear that the threshold for in vivo deletion is quite narrow.
As with the 2C library in CD4 þ T cells, there was no obvious skewing of the variants from the m33 library in CD4 þ T cells within the draining LNs or spleen (Figure 5b ). The data suggest that the Trp variant may have shown a two-to threefold increase in frequency in both draining LNs and spleen, but this observation remains to be tested further.
T cells with single amino-acid substitutions at position 46b reveal distinct activity profiles depending on the presence of CD8 or CD4 co-receptor To provide a more thorough view of the SIY-specific in vitro activation profiles of individual TCR variants, we transduced CD4 þ and CD8 þ T cells with several TCR variants and assayed them for activity. In addition to the wild-type TCRs with a Tyr at 46b, we chose both 'binding signature' variants and variants that did not bind with higher affinity to SIY/K b . As described, the variants possess binding affinities that range from 30 nM (for example, m33 Y46b) to lower than 300 mM (for example, Y46bA of 2C).
To examine the TCRs at the lower range of affinities, retrovirus vectors encoding tyrosine (wt), alanine, phenylalanine, methionine, glycine or leucine at 46b for the 2C TCR were transduced into CD8 þ (Figure 6a ) or CD4 þ (Figure 6b ) T cells from C57BL/6 mice. Transduced cells were stimulated with: (1) anti-CD3, (2) SIY-pulsed antigen-presenting cell line T2-K b , (3) the null peptide OVA-pulsed antigen-presenting cell line T2-K b or (4) transduced cells alone. We have shown previously that in the presence of CD8, TCRs can exhibit K D values as low as 300 mM yet still retain significant peptide-specific activity. 43 In line with this phenomenal ability of CD8 to synergize with very low-affinity TCRs, all of the 2C variants, including the alanine variant, were stimulated by SIY/K b (Figure 6a ). These results are consistent with the ability of the CD8 þ T cells transduced with the 2C library to infiltrate the tumor (Figure 3a) , and to exhibit significant SIY-specific antitumor effects (Figure 4b) .
In contrast to CD8 þ T cells, the CD4 þ T cells transduced with the same 2C TCR variants showed very low activity (wild-type Tyr; Phe) or no activity (Ala, Met, Gly and Leu) (Figure 6b , note the different scale). Thus, the 2C TCR is near the threshold for CD4 þ T-cell activity, and is suboptimal for induction of these cells. Interestingly, the minimal activity associated with a few of the variants in the library must be adequate to drive SIY-specific infiltration ( Figure 3a) ; however, as described above, many of the inactive variants in the library may be recruited to the tumor in an antigen non-specific process.
To examine the TCRs at the higher range of affinities, retrovirus vectors encoding tyrosine, alanine, phenylalanine, valine, histidine or isoleucine at 46b for the m33 TCR were transduced into CD8 þ (Figure 6c ) or CD4 þ (Figure 6d ) T cells from C57BL/6 mice. These TCRs exhibit affinities in the range of 30 nM (Tyr) to at least 3 mM (Y46bA), which is still 10 times higher affinity than the 2C wildtype TCR. As we have shown previously with the m33 TCR in a CD8 þ T-cell hybridoma, 17 the m33 TCR in CD8 þ T cells mediated activation by self-pepMHC, even in the absence of SIY or OVA, although the level of activation was increased in the presence of SIY peptide (Figure 6c) . Similarly, CD8 þ T cells expressing m33 TCRs with other 'binding signature' residues (Phe and His) also showed self-peptide/MHC reactivity. These results are consistent with the finding that CD8 þ T cells with these TCRs (m33 Tyr, Phe and His at 46b) were deleted in vivo ( Figure 5 ). The three variants, Ala, Val and Ile, did not show significant stimulation with selfpeptide/MHC in vitro, although they were stimulated effectively by SIY. Furthermore, these variants were not deleted in vivo, suggesting that in vitro self-peptide MHC activation results provide a useful surrogate indicator of in vivo CD8 þ T-cell deletion. CD4 þ T cells transduced with these same m33 TCR variants showed very strong, SIY-specific activity, although the Val variant was slightly reduced compared with the others (Figure 6d ). These results indicate that almost all of the m33 variants would be superior to the wild-type 2C TCR in mediating CD4 þ T-cell activity, consistent with the prediction that they have higher affinities for SIY/K b than the 2C TCR. These results also explain why the m33 library was superior to either 2C wt or 2C library in the control of the B16-SIY tumor (Figure 4b ).
DISCUSSION
The system described here, with TCR libraries exhibiting a wide range of affinities for a class I pepMHC ligand, provides an opportunity to rapidly assess the TCR-binding properties associated with various T-cell processes. TCR libraries transduced into Selection from T-cell receptor libraries by the host AS Chervin et al polyclonal CD8 þ T cells revealed the importance of choosing TCRs with affinities below a critical deletion threshold; T cells with TCRs above this threshold were rapidly eliminated. This process occurred with wt m33 in the absence of SIY antigen. 33 While CD8 þ T cells with the m33 'binding signature' residues were eliminated, those variants with reduced affinity (for example, alanine) remained. These 'lower' affinity m33 variants have still considerably higher affinity than the wt 2C TCR, and were fully capable of mediating antigen-specific CD8 þ T-cell activity and tumor inhibition. Perhaps related to the effects with the m33 CD8 þ T-cell results, TCR transgenic CD4 þ T cells with higher affinity and effective activity in vitro against a class II ligand exhibited reduced activity in vivo. 44 The ability of CD4 þ T cells expressing 2C and 2C library TCRs to traffic to the tumor was surprising given their relatively low affinities (for example, K D ¼ 30-300 mM). Upon histological examination of tumors with transduced 2C CD4 þ T cells, the majority of T cells present were not 2C (1B2 þ ) (Figure 3c ). This process was dependent on some infiltration of antigen-specific T cells (1B2 þ in this case), as mock-transduced CD4 (or CD8) T cells were not present in the tumor at day 5 (Figures 3a and b) . The phenomenon of non-antigen-specific T-cell recruitment has been shown in a Th1-driven delayed type hypersensitivity model, which illustrated inflammation at the site of antigen injection was caused by the release of TNF-a and INF-g from the arrival of a very few number of antigen-specific T cells, leading to the infiltration of a large number of non-antigen-specific T cells. 45 Non-antigen-specific recruitment of both CD4 and CD8 þ T cells, dependent on an inflammatory environment promoted by the antigen-specific T cells, most likely explains the level of infiltration of non-antigenspecific CD4 þ T cells into tumors treated with 2C or 2C library. For example, it appears that over 80% of the TCRs in the 2C TCR library in CD4 þ T cells did not respond to the SIY tumor antigen by interferon-g IFN-g release (Figure 6b ), yet sequencing of transcripts from CD4
þ TILs showed the presence of all residues within the library, with no obvious bias toward TCRs containing a particular residue(s) (Figure 5a ). The importance of antigen specificity in tumor infiltration and control by the transduced T cells was apparent by various findings. For example, mock-transduced CD4 þ or CD8 þ T cells were not found in antigen-bearing tumors on day 5 ( Figure 3) and there was no infiltration of T-cell populations in the parental tumor B16-F10, which lacks the SIY antigen, on day 5 (data not shown). This result contrasts with a previous finding that showed trafficking of gp100-specific CD8 þ T cells to both a gp100-positive tumor and a gp100-negative tumor implanted contralaterally. 46 Differences in T-cell activation status could possibly account for the differences between the two studies; T cells in the gp100 study were transgenic and activated in vivo with gp100 vaccine and repeated high doses of IL-2, whereas our study used polyclonal T cells, activated in vitro with anti-CD3/anti-CD28 beads and lower doses of IL-2 followed by transduction with antigen-specific TCRs before transfer; neither a vaccine or IL-2 were included in our study. It is also possible that the antigen specificity of T-cell infiltration varies among tumor models. For example, bioluminescence imaging studies using different tumor models showed only antigenspecific CD8 þ T-cell infiltration into EL4 tumors, but non-specific infiltration into MCA-205 tumors. 47 The non-specific infiltration into antigen-negative MCA-205 tumors showed delayed kinetics compared with the antigen-positive tumors. In our model, we examined tumors only at day 5, so it is possible some infiltration in the B16 parental tumor might have occurred later. As such, it will be important to examine if the extent or kinetics of T-cell infiltration differ depending on these conditions (that is, tumor model, transgenic vs transduced T cells and activating conditions) and perhaps even between CD4 þ and CD8 þ T cells. For clinical application of this therapy, the ideal scenario would be to introduce a single TCR with an affinity that is optimal for activity in both CD4 þ and CD8 þ T cells. The TCR library approach described here suggests that the optimal affinities will differ for 
þ and CD8 þ T cells, it would be the one that exhibits an affinity above 2C but below m33. Such a candidate TCR would include the alanine variant of m33 that exhibited potent CD4 þ and CD8 þ T-cell activity in vitro, no detectable selfreactivity in CD8 þ T cells, minimal in vivo deletion in CD8 þ T cells and persistence in tumors and peripheral lymphoid organs at day 5. Efforts are in progress to examine the activity of this variant compared with the wild-type 2C and m33 TCRs.
The design principles of the TCR libraries described here can be extended to other TCRs, as it is now clear that one or a few specific CDR1 or CDR2 residues provide significant binding energies in the interactions with the MHC-restricting elements.
2,3 Accordingly, these residues not only influence binding to the agonist pepMHC ligand, but they determine the in vivo properties of T cells that depend on interactions between the TCR and self-pepMHC (for example, in persistence and homeostatic proliferation). 42 This is indeed why the TCRs with 'binding signature' residues in the m33 library were deleted, presumably by binding to self-pepMHC, such as dEV8/K b . Consistent with the hypothesis that Tyr46b of the Vb8 region evolved to bind MHC, there was clear selection for TCRs with this residue (that is, binding selection based on in vitro experiments, and in vivo CD8 þ T-cell deletion in the periphery). However, amino acids at this position with alternative, conserved side chains (for example, Phe) also mediated efficient binding indicating that there is not a strict evolutionary selection for only tyrosine at position 46b. In this respect, it is also important to point out that this approach (TCR libraries) will allow the analysis of in vivo MHC-based selections to be examined without having to examine single-site mutations one at a time, as has been done previously. 48 The studies described here also raise the possibility that different T-cell subsets will be optimally recruited with TCRs of different affinities against the class I MHC antigen. Accordingly, TCRs with different affinities might: (1) mediate distinct effector functions, (2) direct T cells toward different lineages, or (3) control memory T-cell development. 49 In this regard, recent studies have revealed that TCR/class II MHC affinity has a role in the induction of Foxp3, 50 yet the relationships of TCR affinity with each of these properties (especially in a CD4, class I-specific system) remain to be determined. The TCR library approach described here provides a system to dissect these issues. Finally, it should be possible to use higher-affinity human TCRs as templates for the approach. [51] [52] [53] Similarly, a library-based in vivo strategy should be applicable to optimizing adoptive T-cell therapies mediated by chimeric antigen receptors (CARs) through engineering of their CDR residues, or perhaps even their signaling domains. 54, 55 
MATERIALS AND METHODS
TCR retrovirus constructs and libraries
The TCR gene, codon optimized for expression in murine T cells (GeneArt, Regensburg, Germany), was cloned in as 2Cb-P2A-2Ca or m33a using the Not I restriction site at the 5 0 -end and EcoRI restriction site at the 3 0 -end into the MP71 retroviral vector. MP71 contains the LTR (long terminal repeat) from the myeloproliferative sarcoma virus and an improved 5 0 -untranslated sequence from the murine embryonic stem cell virus 0 -ACC GGCCACGGACTGAGACTGATCCACNNSAGCTACGGCGCTGGCAGCACCGAGAA GGGC-3 0 , Primer set 2 Reverse 5 0 -GGCCATCAGCACCAGTCCGGACAC-3 0 . The two products from these reactions are then used to create the library product using the forward primer from set 1 and the reverse primer from set 2 by splice-overlap extension. The resulting PCR product from the second PCR reaction can be sequenced to ascertain if diversity exists at codon 46b. The PCR product containing the library was cloned into either 2C or m33-MP71 using the In-Fusion reaction kit (Clontech, Moutain View, CA, USA) via the Not I and BspE I restriction sites. Product from the in-fusion reaction was added to Turbo Competent-High Efficiency E. coli (New England Biolabs, Ipswich, MA, USA) for transformation. Resulting transformants were plated on LB/Ampicillin and grown overnight at 37 1C at which time DNA was isolated from individual colonies (Qiagen, Valencia, CA, USA) to confirm library diversity at position 46 in the CDR2b.
Retrovirus production and transduction of T cells
The retroviral packaging line, Plat E 57 was plated at 4 Â 10 6 cells per 10-cm dish in Dulbecco's modified Eagle medium (supplemented with 10% FCS, 2 mM L-glu and pen/strep). Twenty-four hours after plating, cells were transfected with 40 mg of retroviral DNA (either wild-type or library) via Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA). Four hours post transfection, the transfection mixture was aspirated and Plat E washed once with T-cell media (IMDM þ 10% FCS, 2 mM L-glu, 50 mM 2-mercaptoethanol, pen/strep), aspirated and replenished with 6 ml of fresh T-cell media. Forty-eight hours post transfection, the supernatant containing the packaged virus was harvested and passed through a 0.45-mm syringe filter to remove any cellular debris/particulates.
Spleens from C57BL/6 mice were harvested and passed through a 100-mm filter to obtain a single-cell suspension. Following red blood cell lysis, either CD8 þ or CD4 þ T cells were isolated from the splenocyte population by negative selection using the mouse CD8a þ or CD4 T-cell Isolation Kit II (Miltenyi, Bergisch Gladbach, Germany). A total of 10 6 isolated cells were plated per well in a 24-well dish in 1 ml of fresh T-cell media. Each well of 10 6 T cells was incubated with 25 mL of anti-CD3/anti-CD28 mouse T-activator Dynabeads (Invitrogen) in addition to 30 U of recombinant mouse IL-2 (Roche, Basel, Switzerland) for 24 h. After Dynabead removal, activated T cells (in 1 ml) were added to a 24-well plate precoated with 15 mg ml À 1 of Retronectin (Takara, Otsu, Shiga, Japan) followed by 1 ml of retroviral supernatant with an additional 60 U of recombinant mouse IL-2. The plate was then centrifuged at 2000 g for 1 h at 30 1C. After centrifugation, the plate was incubated at 37 1C, 5% CO 2 for 48 h before analysis of TCR transgene expression by fluorescence-activated cell sorting via Vb8.1/8.2 (BD Pharmingen, San Jose, CA, USA). CD4 or CD8 expression was confirmed using anti-CD4:APCconjugated antibody clone RM4-5 (BD Pharmingen) or anti-CD8a:APCconjugated antibody clone 53-6.7 (eBioscience, San Diego, CA, USA).
In vitro sorting of highest-affinity TCRs
58
À / À T-cell hybridomas were transduced with m33 wild-type TCR or the m33 Y46b library, and 58 À / À co-expressing CD8ab were transduced with 2C wild-type TCR or the 2C Y46b library. To find a sensitive ligand-binding concentration without background from TCR-negative cells, the wild-type TCR-expressing hybridomas were stained with SIY/K b Ig dimers at various concentrations in phosphate-buffered saline with 0.5% bovine serum albumin on ice, washed and stained with goat anti-mouse labeled with phycoerythrin. Cells were washed with phosphate-buffered saline with 0.5% bovine serum albumin and analyzed on an Accuri C6 flow cytometer (Franklin Lakes, NJ, USA). From those data, a SIY/K b Ig dimer concentration of 10 nM was selected to sort the 2C library, and 2 nM was selected to sort the m33 library. Library-expressing T cells were stained as before, and sorted under sterile conditions on a BD FACSAria (BD, Franklin Lakes, NJ, USA), collecting the 1.4% top binding cells for both the 2C and the m33 library. The cells were expanded briefly in culture after sorting, followed by RNA isolation and sequence analysis (see below).
Sequencing of TCR transcripts
To isolate total RNA from a T-cell suspension or tumor tissue, up to 10 7 cells were pelleted (for T-cell suspension of 58 À / À hybridoma) or up to 100 mg of tissue were dissociated (for tissue). TRIzol RNA extraction was carried out on the pelleted cells or dissociated tissue using the PureLink RNA Mini Kit (Invitrogen). From isolated RNA, total complementary DNA (cDNA) was prepared using the QuantiTect Reverse Transcription Kit (Qiagen). TCR Vb8 genes were amplified from the total cDNA using sequence-specific primers that included tags and sorting sequences for use in 454 Next Generation Sequencing. TCR genes from multiple tissues were each amplified with a unique sorting sequence in the amplification primers. Vb8 amplicons were purified using AMPure XP Beads (Agencourt, Brea, CA, USA), and the concentration of each was measured using a Qubit dsDNA HS Detection Kit and Qubit 2.0 Fluorometer (Invitrogen). Amplicons with different sorting sequences were combined at equal mass ratios into a single sequencing sample. Uniformity of amplicon size was verified using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Sequence analysis of individual DNA strands within each amplicon mixture was performed on a Roche/454 Genome Sequencer FLX þ (Roche). Bioanalysis and 454 sequencing was carried out at the W.M. Keck Center for Comparative and Functional Genomics (University of Illinois, Urbana-Champaign). Sequences were sorted by unique tag (to each tissue/cDNA preparation) within each sample. Between 900-35 000 sequences were obtained for each cDNA preparation (total library size of 32 codons). Within the complete sequence set for each tissue, the occurrence of each codon in the library for TCRb46 was enumerated by searching for the unique string for each library codon in Microsoft Word (Microsoft, Redmond, WA, USA). For amino acids encoded by multiple codons, the total occurrences were added together to give an overall amino-acid frequency. Selection bias for individual TCRs was calculated by taking the logarithm of the post-selection frequency of each TCR variant (in vitro SIY/K b dimer sort or in vivo TIL or lymphoid tissue) divided by the frequency of each TCR variant in the original, preselection library as propagated in E. coli to give the equation: Log((frequency of TCR variant, selected)/(frequency of TCR variant, E. coli)). A value of þ 1 indicates the residue is 10-fold over-represented compared with the unselected library, while a value of À 1 indicates the residue is 10-fold under-represented compared with the unselected library.
Tumor cell lines and transplantable model C57BL/6 and C57BL/6 Rag1 À / À mice originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA) were maintained as colonies in the animal facilities at the University of Illinois. Mice were 2-5 months of age at the time of experiments and all animal studies were approved by the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign.
The B16 F10 murine melanoma cell line was purchased from American Type Culture Collection (Manassas, VA, USA) and B16-SIY murine melanoma cell line was a gift from Dr Thomas Gajewski (University of Chicago, IL, USA). B16-SIY cancer cells were derived by retroviral transduction of B16 F10 cells with a fusion protein of the K b -binding peptide SIYRYYGL (SIY) and enhanced green fluorescent protein. 38, 58 The cell lines were grown in complete RPMI 1640 medium supplemented with 5 mM HEPES, 10% fetal bovine serum, 1.3 mM L-glutamine, 50 mM 2-ME, penicillin and streptomycin at 37 1C in 5% CO2 in a humidified incubator.
Melanoma tumor cells were trypsinized, centrifuged at 1200 r.p.m. for 7 min at 4 1C, and washed twice with Hanks Balanced Salt Solution (HBSS, Cellgro Mediatech, Manassas, VA, USA). Cells were suspended in HBSS at a concentration of 1-1.5 Â 10 6 cells per 150 ml and injected subcutaneously into the right and left flank of shaved mice under isoflurane (Baxter, Deerfield, IL, USA) inhalation anesthesia. Mock-transduced and TCR-transduced T cells were collected from 24-well plates and washed twice with HBSS. Mice were injected with saline, mock-transduced or TCR-transduced T cells into the tail vein, 5 days after tumor implantation. The length and width of subcutaneously tumor masses were measured with a caliper. Tumor volume was expressed as (length Â (width 2 ))/2. Mice euthanized 5 days after transfer of transduced T cells had subcutaneous tumors harvested and processed for immunohistochemistry or isolation of TCR DNA.
Immunohistology
Rabbit anti-mouse CD3 gamma monoclonal antibody was purchased from Epitomics (Burlingame, CA, USA). DyLight 594-AffiniPure F(ab')2 Fragment Donkey Anti-Rabbit IgG (H þ L) was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Mice were killed 5 days following transfer of mock and TCR-transduced T cells. The tumors were embedded in OCT medium. Staining was performed on 8-mm cryostat sections, mildly fixed by incubation in 95% ethanol at À 20 1C for 20 min. Blocking was done with SuperBlock (ThermoScientific, Waltham, MA, USA) and 5% normal donkey serum. Anti-CD3 gamma primary Ab was applied at 1:100 dilution for 24 h in blocking solution with 20% phosphate-buffered saline/glycerol. Tissue sections were incubated with donkey anti-rabbit secondary Ab at a concentration of 7.5 mg ml À 1 for 1 h.
In vitro stimulation of primary T cells peptide at concentrations of 10 mM, (2) 10 mg ml À 1 of anti-CD3 (clone 145-2C11) or (3) media (transduced T cells only). After 24 h, supernatants were assayed for IFN-g using the Mouse IFN gamma ELISA Ready-Set-GO kit (eBioscience).
Statistical analyses
Tumor growth rates and volume measurements were compared using a one-way analysis of variance followed by comparisons of individual treatments using the Bonnferoni correction for multiple comparisons (GraphPad, San Diego, CA, USA). Transfectants in CD4 þ and CD8 þ cells were compared with their respective mock transfectants. Individual P-values are given in figure captions. Selection of the highest binding TCR variants in vitro (Figures 2b and c) shows representative data from four independent experiments, while in vivo selections of TILs or T cells in various lymphoid tissues ( Figure 5) show the average values of two mice, where TCR variant selection in individual mice is shown in Supplementary Figure 3 , including the number of sequences analyzed from each tissue. Statistical significance of differences in residue frequencies after in vitro or in vivo selection (Figures 2 and 5 ) compared with preselection library frequencies from E. coli were calculated using a standard w 2 test of significance. Values for significance of individual TCR variant selection in tumors and tissues (P-values) are given in the figure legends for 'binding signature' residues in those tumors or tissues where the signature residues were significantly enhanced or reduced (see Supplementary Figures 4 and 5) .
